Context. A giant planet was recently discovered around the young star β Pictoris. This planet is the closest to its parent star ever imaged. With an estimated mass of about 9 M Jup and separation of 8-15 AU, it explains most of the peculiarities of β Pictoris and its disk. Aims. Previous detections were made in the L band (3.8 μm) and at 4.05 μm. We recorded new K s -band data (2.18 μm) in order to measure its color and get an additional estimate of its mass and effective temperature Methods. Angular differential K s -band images of β Pictoris were recorded with NaCo in March and April 2010. Results. The companion is detected at K s . This independently confirms the physical nature of β Pictoris b inferred from the L and NB_4.05 bands. The increase of the projected separation between October-December 2009 and April 2010 observations is consistent within error bars with the expected orbital motion. Using the absolute K s photometry, "hot start" evolutionary models predict a mass of 7-11 M Jup in agreement with previous estimates. Moreover, this mass is compatible with T eff = 1700 ± 300 K derived from the comparison of the K s − L color with those generated using synthetic spectra.
Introduction
Since the discovery of circumstellar debris disks in the eighties, the young (12 +8 −4 Myr; Zuckerman et al. 2001 ) and close (19.44 ± 0.05 pc; van Leeuwen 2007) A5V star β Pictoris has been considered as a prototype of young planetary systems. Together with the other imaged debris disks, this system enables the study of the physical and chemical characteristics of sites where planetary formation is ongoing or just finished. Recently, we were able to detect a companion that orbits the star at a distance ranging between 8 and 15 AU. Its L = 11.20 ± 0.15 1 apparent magnitude translates into a temperature of ∼1500 K and a mass of ∼8 M Jup according to Lyon's group models (Baraffe et al. 2003) . As such, and if located at 8-15 AU, the companion could explain most morphological (asymmetries) and dynamical peculiarities of the β Pictoris dust system, as well as the falling evaporating bodies phenomenon at the origin of the replenishment of the disk gas phase. In particular, it could explain the characteristics of the warp observed within the inner part of the disk (Lagrange et al. 2010 , and references therein; hereafter L10). Interestingly in the present context of planet formation theories, β Pictoris b is located in the disk region where giant planets can form by core-accretion, in contrast to the few other planets detected by direct imaging so far (Marois et al. 2008; Kalas et al. 2008; Chauvin et al. 2005a,b; Lafrenière et al. 2010) , which are located farther away from their parents.
The mass determination of β Pictoris b and those of the other imaged planets relie however on the model-dependent luminosity-mass relation provided by the so-called evolutionary models. The "hot-start" evolutionary models consider the formation of planets by a spherical collapse of a gaseous cloud, where all the released gravitational energy is transfered into heat. The young planet is therefore hot during its first 100 Myr, which may allow the direct detection of the planet around young stars with current instruments. Recently, however, Fortney et al. (2008) have developed an alternative "cold-start" model, in which a significant amount of energy is lost during the gas accretion process. This model accounts for the stages of core accretion. As a result of this loss of energy, Fortney et al. (2008) predict planets much fainter than the "hot-start" model predictions at young ages: a 10 M Jup planet for instance is predicted to be 7 mag fainter in the K band at 10 Myr. Under these assumptions, and except during the very short accretion stage, young planets would not be detectable with current instruments. We note that the difference between both models decreases with time, but remains significant up to 1 Gyr for very massive planets. A&A 528, L15 (2011) Because these different models, which probably represent two extreme situations, have not been calibrated so far, their reliability is still questionable. This is why detecting and characterizing the properties of young giant planets, and ultimately measuring their masses, is fundamental to validate the models. In order to further constrain the β Pictoris b properties (magnitude, colors), we performed high-contrast and high-spatial resolution observations with NaCo (Rousset et al. 2003; Lenzen et al. 2003) at K s in early 2010. We present these observations in Sect. 2 and discuss them in Sect. 3.
Observations and data reduction procedures

Observations
K s -band images of β Pictoris were obtained in March and April 2010 with the VLT/NaCo instrument in service mode operated in angular differential imaging (hereafter ADI, Marois et al. 2006 ). The visible wavefront sensor was used with the 14 × 14 lenslet array, together with a visible dichroic that transmits the visible light to the wave front sensor and the IR light to CONICA. We chose the CONICA S13 camera in March and the S27 camera in April. They provide pixel scales of 13.27 and 27.15 mas, respectively. Saturated images of β Pictoris were recorded, along with a few non saturated images to estimate the stellar pointspread-function (PSF) and serve as a photometric calibrator. In March we adopted a two-position dithering pattern every three DIT × NDIT exposures with DIT = 0.35 s, and NDIT = 100. In April we chose a four-position dithering pattern every two DIT × NDIT exposures with DIT = 0.15 s and NDIT=150. The DIT were chosen so as to saturate the PSF core of β Pictoris over ∼8 pixels. Each frame was stored in a datacube. Both settings allow accurate sky and instrumental background removal. For the PSF images, a neutral density filter (transmission = 1.12%, Boccaletti et al. 2008 ) was inserted in the CONICA optical path. Finally, twilight flat-fields were recorded as well.
The log of the observations is reported in Table 1 , along with the observing conditions. We note that as the star was fairly low on the horizon, the variations of the parallactic angle and hence the field-of-view (FoV) rotation during the saturated sequences were relatively small (2.2 × FWHM at a separation of 350 mas for the March and April observations) at the separation of the companion. This value is nevertheless high enough to perform ADI reduction (see below).
Data reduction
The reduction procedure basically follows that described in the supporting online material 2 of Lagrange et al. (2010) . The 2 http://www.sciencemag.org/cgi/content/full/science. 1187187/DC1
scheme consists of 1) correcting each image in each datacube for background and sky variations as well as bad/hot pixels; 2) rejecting the frames with low-Strehl ratio 3 ; 3) collapsing the cubes 4 ; 4) recentering the "cleaned" images thus obtained; 5) estimating the stellar halo for each image; 6) subtracting the estimated stellar halo from each image; 7) derotating the residual images thus obtained; and 8) stacking (average or median) the derotated residual images. The most critical steps are the centering of the data, which limits the final astrometric precision of the companion position, and the estimate of the stellar halo, which affects the levels of residuals. The centering is done either with a cross-correlation of the different images, or fitting a Moffat function.
The estimate of the star halo is made using two different ADI algorithms:
− For each image i, we select first the images of the data set for which the FoV has rotated by more than α × FWHM at the approximate separation of β Pictoris b, ie 26 pixels (S13 data) or 13 pixels (S27 data). Among these selected images, we keep the n closest in time. These n images are then averaged and subtracted to image i. The individual residuals thus obtained are derotated. Their mean or median is then computed to obtain the final image. Different values of α and n were tried. The optimal results are obtained for n = 6 and α = 1.2 (S13) and 1.0 (S27). We note that the best values of α are a compromise between having a large field rotation and a large number of usable files. This method is referred to as Red 1 . − We developed an algorithm following the Lafrenière et al. (2007) LOCI approach. The halo is estimated and subtracted for a given input frame i inside N boxes (radially and azimuthally defined), taking a linear combination of the input frames. The coefficients of the combination are determined so as to minimize the residual variations inside an optimization zone taken on the halo-subtracted image i. Optimization regions are much bigger (typically 300 FWHM in area) than subtracted zones to avoid self-eliminating point-like objects.
The LOCI provides the best extraction of the planetary signal for α = 0.5 and using 40 to 80 frames out of 120. This method is referred to as Red 2 .
Some of the planet flux was self-substracted during the stellar halo removal process. To retrieve the photometric information inside our final images, we followed two approaches: − We inject five artificial planets (AP) into the raw images at a separation similar to that of β Pictoris b, but with different projection angles (referred to as sym. AP). The AP is built using the unsaturated reduced image of β Pictoris scaled to a given planet magnitude. We then search for the averaged flux that minimizes the difference between β Pictoris b and the fake planets. The standard deviation of flux ratio values derived from the set of fake planets gives an estimate of the error on the planet flux. − We inject AP with a given flux at the position of the detected source, and subtract it to this source into the raw images (referred as neg.AP). We iterate with different AP fluxes and injection positions to minimize the standard deviation of the residuals inside a radially and azimuthally limited aperture centered at the position of the companion. The moderate dispersion of optimals injected AP flux found using different apertures sizes (240 mas R in 300 mas, 400 mas R out 500 mas, 10
• with R in and R out the inner and outer radii, and Δθ the azimuthal extension on each side of the companion) for the estimate of the residuals provides an estimate of the photometric error. The photometry is measured on the data reduced with Red 1 only, because this method limits nonlinear flux losses.
Astrometric measurements
To derive the separation and position angle of the companion with respect to the star, we need to locate the accurate position of the planet and that of the star on the detector pixels. For the companion we considered two methods: − LOCI images provide the best speckle rejection and are therefore more appropriate to accurately locate the position of the planet with a straightforward algorithm (in most cases the planet is brighter than the speckles). Gaussian fitting is applied on a representative set of LOCI images (various parameters are used) in the S13 and S27 data. We then obtained the means and standard deviations. − We cross-correlated and subtracted an AP pattern injected at and slightly around the estimated position of the companion (changing the injection position by up to 0.5 pixel with 0.1 pixel increments) inside the Red 1 images. This method is applied while estimating the photometry with neg.AP. The error on the position is derived considering the extrema of the different optimal injection coordinates, for which the injection flux lies between ±ε of the optimal injection flux. ε is the minimum standard deviation found for the optimal injection flux. It also takes into account the influence of the size of the optimization zone. The star location is measured on the median of the saturated images by fitting a Moffat function. But the saturation causes the centroid estimate to be impacted by some very close speckles. We then built a fake saturated PSF using the non-saturated frames to quantify this effect and account for it in our error bars (between 0.1 and 0.4 pixel). The final projection angles (PA) and separations (ρ) are reported in Table 2 . As expected, the imperfect determination of the centroid of the star caused by the saturation is the largest source of uncertainty in the astrometric position of the planet. the residuals. 
Results and discussion
3.1. β Pictoris b at K s Figure 1 shows the images obtained during both runs. They do confirm the planet detection. Together with the detection at M band with the recently available apodizing phase plate (APP) device on NaCo (Quanz et al. 2010 , hereafter Q10), we now have two confirmations of the β Pictoris b recovery. We find separations (331-358 mas) and PA (205.8-211.2
• ) in agreement with the Q10 values. The planet separation has then increased between October-December 2009 and April 2010. The variation agrees with an edge-on orbital motion in the sense of rotation of the β Pictoris disk. (27 mas between OctoberDecember 2009 and April 2010 for an orbit with a semi-major axis a = 8 UA, an excentricity e = 0.05, and a periastron longitude ω = −55
• ). Further measurements will be necessary to secure and monitor this small orbital variation.
The photometric measurements are also reported in Table 2 . Both photometric methods lead to similar contrast values that do not depend on the camera. The uncertainties are reduced however when using neg.AP. We finally adopt ΔK s = 9.2 ± 0.1 mag. We retrieved the NaCo K s -band magnitude of the star (K s [NaCo] = 3.444 ± 0.009 mag) from the ESO K-band magnitude of van der Bliek et al. (1996) . We first derived the 2MASS magnitude of the star 5 from updated transformation formulas 6 of Carpenter (2001) . We found an additional 0.007 mag shift between the NaCo and the 2MASS systems using the spectrum of an A5 star of the Pickles (1998) library. We then derived K s = 12.64 ± 0.11 mag and M K s = 11.20 ± 0.12 mag for the companion. We finally found K s − L = 1.43 ± 0.19 mag for β Pictoris b, assuming quadratically combined errors.
Spectral type, atmospheric parameters, and mass
We compared the K s − L color of β Pictoris b to the color of field dwarfs from Golimowski et al. (2004) in Fig. 2 . This required translating the color into the MKO system Tokunaga et al. 2002) . Because there currently is no spectral library of late-type dwarfs that covers the full NaCo L band yet (3.38-4.31 μm), we found a color correction between the NaCo and MKO filters system of 0.135-0.184 mag using synthetic spectra of the state-of-the-art BT-SETTL10 library 7 (Allard et al. 2010) with T eff = 1400-1800 K and log g = 3.5-5.0 dex. The same operation was repeated for the components of the young 2M1207 system (∼8 Myr, Chauvin et al. 2004; Patience et al. 2010 ) and for AB Pic b (∼30 Myr, Chauvin et al. 2005b, Bonnefoy et al. in prep.) assuming the T eff and surface gravities (log g) found in the literature. Their colors are reported in Fig. 2 , along with those of GQ Lup b (∼1 Myrs, Marois et al. 2007; Lavigne et al. 2009 ) and SDSS J224953.47+004404.6AB (∼100 Myr, Allers et al. 2010 ). The color is compatible with those of L1 to ∼T0 field dwarfs. This result fits well with the conclusions of Q10 from the L -NB_4.05 Fig. 3 . Isocontour plot of K s − L variations (NaCo photometric system) with T eff and log g computed on BT-SETTL10 spectra. The overlaid β Pictoris b color (red line) with its uncertaities (red dotted line) constrains the T eff to 1700 ± 300 K.
color. However, we notice that the colors of 2M1207 B and SDSS J224953.47+004404.6AB are ∼0.5 mag redder than those of L field dwarf analogs. Allers et al. (2010) suggest that this apparent redenning could be a signature of youth. Hence, this could eventually shift the β Pictoris b spectral type range toward earlier classes.
The color can also be compared with those of BT-SETTL10 spectra for various effective T eff and log g (Fig. 3) . The colors were synthetized using the NaCo passbands and a spectrum of Vega. We deduced T eff = 1700 ± 300 K for β Pictoris b, but were unable to constrain log g. Our results are compatible with those obtained with the former libraries AMES-DUSTY00 and AMES-COND00 (Allard et al. 2001) and with the T eff ∼ 1470-1700 K derived by Q10.
We infer a mass between 7 and 11 M Jup from the comparison of M K s to the SETTL evolutionary models 8 (using the interior models of Chabrier et al. 2000 , and the BT-SETTL atmospheric models). This excellently agrees with the mass derived from the L band, the NB_4.05 band and our T eff estimate. Also, β Pictoris b falls on the SETTL evolutionary tracks inside a M K s versus K s -L diagram (Fig. 4) . Finally, we note that if β Pic b indeed formed by "core-accretion", then the masses predicted by the "cold-start" model using the availiable photometric measurements and the current T eff estimate are well above the upper limit set by the dynamical study of the disk and past radial velocity measurements on the star. All these results further reinforce the idea that this companion lies inside the planetary mass range.
Forthcoming J and H imaging and L band spectroscopy of β Pictoris b (with the APP+spectro mode on NaCo for example) should bring additional constraints on T eff . The planet-finder instruments Gemini/GPI and VLT/SPHERE will certainly provide the first NIR spectra of the companion. These new observations should enable the first estimates of log g and of the metallicity. Finding abundancies different from the star ([M/H] = 0.05, Fig. 4 . Location of β Pictoris b in a color-magnitude diagram with respect to the SETTL evolutionary tracks. The colors and magnitudes are given in the NaCo photometric system. Gray et al. 2006 ) could give additional insights on the formation mechanism of this companion (Chabrier et al. 2007; Fortney et al. 2008) . These should improve our knowledge of the physics and chemistry involved in exoplanetary atmospheres. To conclude, this system offers the opportunity to measure the dynamical mass of the companion using imaging in combination with radial velocity measurements corrected from β Pictoris activity. Together with the luminosity, the T eff , log g, and M/H, it could provide a key toward understanding the formation and evolution of exoplanets.
